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Ab initio calculations of permanent dipole moments and dipole polarizabilities of
alkaline-earth monofluorides
Renu Bala,1, ∗ H. S. Nataraj,1, † and Malaya K. Nayak2, ‡
1Department of Physics, Indian Institute of Technology Roorkee, Roorkee - 247667, India
2Theoretical Chemistry Section, Chemistry Group,
Bhabha Atomic Research Centre, Trombay Mumbai 400085, India
The ground - state permanent dipole moments (PDMs) and molecular dipole polarizabilities (DPs)
of open-shell alkaline-earth monofluorides, and atomic DPs of alkaline - earth- and fluorine atoms
are reported at the Kramers - restricted configuration interaction level of theory limited to single
and double excitations (KRCISD), using the finite - field approach. Sufficiently large basis sets
such as quadrupole - zeta (QZ) and augmented -QZ basis sets together with the generalized active
space technique is employed to carry out the field dependent energy calculations at the KRCISD
level. The PDMs and the components of DPs are extracted from the linear- and quadratic fit of
energies against perturbative electric field, respectively. Accuracy of the present calculations for the
electronic properties is examined by comparison with the measurements and calculations where ever
available.
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I. INTRODUCTION
The alkaline-earth monofluorides (AEMFs) are cur-
rently in the forefront of several important theoretical as
well as experimental research works not only in physics
but also in chemistry. The AEMFs have attracted theo-
rists because of their simple electronic structure: open-
shell with their ground-state being 2Σ+, and the experi-
mentalists because of the ease with which they could be
laser-cooled. The latter is evident from the multitude of
experiments that have been carried out to realize cool-
ing and trapping of MgF [1], CaF [2, 3] SrF [4–7], and
BaF [8, 9] molecules. Some of the heavier members of
AEMFs such as BaF [10] and RaF [11, 12] have been
studied chiefly for fundamental symmetry violating ef-
fects which give rise to nuclear anapole moment. Such
effects bear vital implications for the physics beyond the
Standard Model (SM) of particle physics. The chemical
reaction between the SrF molecules at ultracold temper-
atures has been investigated by Meyer et al. [13] that
can be used for the study of dipolar degenerate quantum
gases.
The accurate theoretical predictions of the molecular
electronic properties such as permanent dipole moments
(PDMs) and dipole polarizabilities (DPs) are crucial in
guiding the ongoing and future experiments with cold
and ultracold AEMF molecules. It is worth mentioning
that the knowledge of PDMs of molecules is helpful for
the study of long - range dipole - dipole interactions, elec-
tric dipole moment of an electron (eEDM), for qubits in
quantum computations, and for several quantum phases
in ultracold gases [14–18]. Similarly, the knowledge of
electric DPs is one of the requisites for manipulating and
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for controlling the dynamics of molecules in laser fields
[19–23].
A few theoretical studies of AEMF molecules that are
being investigated in this work have already been re-
ported in the literature. To mention: a detailed struc-
tural study of BaF molecule has been performed by
Tohme and Korek [24]; the spectroscopy and evaluation
of properties such as dipole moments of SrF molecules
for the ground- and low - lying excited states has been
performed by Jardali et al. [25]; the electronic structure
calculations for the ground- and several excited-states of
XF (X=Be, Mg, Ca) molecules have been performed by
Kork et al. [26]. Further, the XF (X=Be, Mg, Ca, Sr,
Ba) molecules together with mercury halides, and PbF
have been studied by Abe et al. [27] recently for the
PDMs, and for effective electric fields (Eeff ) using rel-
ativistic finite - field coupled - cluster method with single
and double excitations (FFCCSD). The theoretical re-
sults for average and anisotropic polarizability (α¯ and γ)
components of BeF and MgF at the complete active space
self - consistent field (CASSCF) level, and model-based
predictions for AEMFs are available in Refs. [28, 29]. The
polarizability components of SrF calculated using CCSD
method with partial triples [CCSD(T)] has been reported
in Refs. [13, 30] while, only the z - component of polariz-
ability for BaF has been calculated using multi - reference
configuration interaction (MRCI) method in Ref. [24].
Nevertheless, there are no experimental results available
in the literature, known to our knowledge, for the DPs
of these molecules.
In this work, we have studied the whole series of group -
II monofluorides systematically and uniformly using the
same quality of basis sets, and employing the same level
of correlation method. In addition to the PDMs (µ0), and
components of molecular DPs (α‖ and α⊥) of AEMFs,
we have also calculated the atomic polarizabilities (αA)
of alkaline-earth- and fluorine atoms using generalized
active space (GAS) technique at the CI level of theory.
The accuracy of our results is analyzed by comparing
2them with the available results in the literature.
The paper is organized in four sections. The theory
and the method employed to calculate the PDMs, and
polarizabilities is discussed in Section II, followed by the
results and discussions of these properties in Section III,
and at last, the summary of this work in Section IV.
II. THEORY AND METHOD OF
CALCULATIONS
In the presence of an external homogeneous electric
field of strength ε, the total energy E(ε) of a molecule
can be written as a Taylor expansion:
E(ε) = E0 + µ0 ε +
1
2
α ε2 + . . . , (1)
where,
µ0 = −
(
dE
dε
)
0
, and α = −
(
d2E
dε2
)
0
. (2)
Here, µ0 is the permanent dipole moment, and α is the
dipole polarizability. The subscript 0 on the field deriva-
tives of the total energy indicate that these are evaluated
at ε→ 0.
By considering z - axis as the internuclear axis of the
molecule, we obtain two components of polarizability:
the component (α‖ ≡ αzz) parallel to the axis, and the
component (α⊥ ≡ αxx ≡ αyy) perpendicular to the di-
rection of the internuclear axis. The average (α¯), and the
anisotropic polarizabilities (γ) are calculated in terms of
these components as,
α¯ = (α‖ + 2α⊥)/3 , and γ = α‖ − α⊥. (3)
In order to compute the foregoing electric properties,
the relativistic field - dependent energies are calculated
using Dirac - Fock (DF) and Kramers - restricted con-
figuration interaction method with single and double
excitations (KRCISD) for both alkaline-earth- and
fluorine atoms, as well as for AEMF molecules. After
generating the reference state using DF Hamiltonian,
CISD calculations employing the GAS technique are
performed using the KRCI module of DIRAC15 soft-
ware suite [31]. The Gaussian charge distribution
for the nuclei is used in these calculations. Further,
we have used the uncontracted correlation - consistent
polarized valence quadruple zeta (cc - pVQZ) [32] basis
sets for Be (12s 6p 3d 2f 1g), F (12s 6p 3d 2f 1g), and
Mg (16s 12p 3d 2f 1g), and Dyall basis sets of simi-
lar quality (dyall.v4z) [33] for Ca (30s 20p 6d 5f 3g),
Sr (33s 25p 15d 4f 3g), Ba (35s 30p19d 4f 3g), and
Ra (37s 34p 23d 15f 3g). These basis sets are quite
large, specially when used in uncontracted form, as
it can be seen from the explicit functions shown in
parenthesis. Such computationally expensive large basis
sets are considered in this work for obtaining reliable
results. The energies of the systems (both atoms and
molecules) studied here are calculated using perturba-
tive electric field in the range; (2 − 5)× 10−4 Eh/ea0.
These calculations are repeated for computing different
components along different axes. Using the first - and
the second - order polynomial fits to the data of E(ε)
against ε, we obtain PDMs and DPs, respectively.
As the properties studied in this work are the valence
properties, we have adopted a frozen-core approximation
to perform the correlation calculations for atoms as well
as for molecules. The atomic polarizability calculations
are carried out with 10 outermost electrons viz. ns,np,
and (n + 1)s orbitals where n being 2 for Mg, 3 for Ca, 4
for Sr, 5 for Ba, and 6 for Ra atom. However, for Be and
F atoms, all electrons are kept active in the post - DF
calculations to correlate more or less the same number
of electrons. Further, a virtual cutoff energy of 10Eh
is set uniformly for all atoms and molecules in order to
truncate the orbitals having higher energies so that the
computations can be made manageable.
TABLE I. Generalized active space model for the CI wave-
functions of atoms with 10Eh virtual cutoff energy.
Subspace Number of orbitals
Be Mg Ca Sr Ba Ra F
Frozen core 0 1 5 14 23 39 0
GAS1 1 4 4 4 4 4 1
GAS2 1 1 1 1 1 1 4
GAS3 56 59 114 107 110 108 25
GAS3∗ 81 84 139 132 135 133 50
∗Number of virtual orbitals in case of augmented basis sets.
The atomic orbitals are partitioned into four sub-
spaces: frozen core, GAS1, GAS2 and GAS3 is shown in
Table I. The first subspace is the frozen core and it is ex-
cluded in correlation calculations. For Be atom, filled 1s
and 2s orbitals form GAS1 and GAS2 subspace, respec-
tively. However, for other alkaline-earth atoms GAS1 and
GAS2 subspaces contain active [ns,np], and [(n+1)s] or-
bitals, respectively. On the other hand, for the open shell
F atom, 1s orbital form GAS1 and [2s, 2p] orbitals form
GAS2 subspace. All electrons available in GAS1 and
GAS2 subspaces are allowed to excite to the virtual or-
bitals contained in GAS3 subspace. In case of augmented
basis sets, GAS3∗ replaces GAS3.
For molecular property calculations, the DF orbitals
having energy less than -2Eh are considered as frozen
core. The alkaline-earth atom is chosen as the coordinate
origin of the corresponding diatomic molecule. In the
GAS technique, active DF orbitals are divided into three
subspaces: paired (GAS1), unpaired (GAS2), and virtual
orbitals (GAS3), as shown in Table II.
The values of equilibrium bond lengths used in the
present work are: 1.359 A˚ for BeF [26], 1.778 A˚ for
MgF [26], 2.015 A˚ for CaF [26], 2.124 A˚ for SrF [25],
2.162 A˚ for BaF [24], and 2.244 A˚ for RaF [12]. Atomic
3TABLE II. Generalized active space model for the CI wave-
functions of AEMFs with 10Eh virtual cutoff energy.
Subspace Number of orbitals
BeF MgF CaF SrF BaF RaF
Frozen core 2 6 7 15 24 40
GAS1 4 4 7 8 8 8
GAS2 1 1 1 1 1 1
GAS3 80 84 139 132 134 133
GAS3∗ 128 132 188 180 183 183
∗Number of virtual orbitals in case of augmented basis sets.
units for distance (1 a0= 0.52917721A˚), electric field
(1 Eh/ea0= 5.142 × 10
11V/m), dipole moment (1 ea0=
2.54174691D), and dipole polarizability (1 e2a20/Eh=
0.14818474A˚3) are used throughout the paper.
III. RESULTS AND DISCUSSION
A. Atomic dipole polarizabilities (αA)
Our results on αA’s for the alkaline-earth atoms, and
fluorine together with the available results for these
atoms in the literature are presented in Table III. The
magnitude of αA increases as we go from Be to Ba. How-
ever, αA decreases suddenly for Ra by about 8.2% when
compared to Ba. This decrease in αA is attributed to the
fact that the value of 〈r〉 for 7s of Ra is smaller than 6s of
Ba [34]. The correlation contributions to the atomic po-
larizabilities of alkaline-earth atoms at the level of CISD
seem to be negative with reference to the DF results.
Our results at the KRCISD/QZ level of correlation are in
good agreement with the experimental data, well within
their reported uncertainty limits [35–38]. For Be and Ra,
however, there are no experimental results available. Our
results also compare quite well with the available theo-
retical calculations [34, 39–43].
In addition, we have investigated the effect of diffuse
functions on the results by repeating the calculations
with singly augmented QZ basis sets. These additional
functions do not seem to alter the value of αA much, par-
ticularly at the DF level. The maximum change is only
about 0.6% for Mg. However, at the KRCISD level, the
maximum change obtained is in the result of αA is 4.1%
for Be.
The relativistic CCSD calculations have been reported
in Ref. [39], for alkaline-earth atoms along with He and
Yb, and the contribution from the leading-order triples
are quoted as error bars. Our KRCISD results compare
quite well with those reported in Ref. [39]; the difference
in the two being: 2.1% for Be, 0.6% for Mg, 1.6% for Ca,
2.9% for Sr and 0.5% for Ba. Our results at KRCISD
level also agree well, to within 3.2%, with the results
reported in Ref. [34] wherein they have used perturbed
relativistic coupled - cluster (PRCC) method.
The polarizability calculations with the inclusion of
core - core, and core - valence correlations using second -
order many - body perturbation theory (MBPT2) and va-
lence - valence correlations using the CI method has been
reported in Ref. [40]. Further, those authors have im-
proved their results by obtaining the matrix elements us-
ing experimental lifetimes of the electronic states. Our
ab initio results reported in this work are in good agree-
ment with their recommended values, with the maximum
deviation being 2.4%.
The DF results of αA’s for Ca through Ra, reported
in our work, show excellent agreement with those given
in Ref. [41] at the similar level. However, our fully rel-
ativistic KRCISD results vary from their recommended
scalar relativistic results computed using the CCSD(T)
method by 0.6% for Ca, 2.5% for Sr, 1.5% for Ba, and
0.5% for Ra.
The calculated value of polarizability for F with and
without augmentation comes out to be 3.5 a.u. and 3 a.u.,
respectively, at the KRCISD level. The former value is in
good agreement with the other reported calculations [44–
46].
B. Molecular permanent dipole moments
The PDM values calculated using QZ quality basis sets
in this work together with the available experimental,
theoretical, and semi - empirical model-based results are
tabulated in Table IV and our PDM results with aug-QZ
basis sets are reported in Table V. Leaving aside BaF, our
values of PDMs of all other AEMFs calculated at the KR-
CISD level show excellent agreement with the available
results in the literature. To the best of our knowledge,
the PDM of RaF molecule has not been reported earlier
in the literature.
It has been observed that the correlation contributions
to the PDMs of lighter molecules in this series are neg-
ative (-0.13D for BeF, and -0.083D for MgF), while for
the heavier molecules, these contributions are compar-
atively large and positive (0.287D for CaF, 0.465D for
SrF, 0.584D for BaF, and 0.576D for RaF). At the level
of KRCISD, the magnitude of PDM increases gradually
from BeF to RaF, with BaF as an exception. Further,
the effect of adding diffuse functions to QZ basis sets
on PDMs of these molecules is not more than 1.2% at
the DF level. However, at the KRCISD level there is a
maximum of 2.4% increase in the value of PDM among
the four lowest members of this series. Due to the lack
of sufficient computational resources, we were unable to
perform calculations with the augmented basis sets for
BaF and RaF. In the discussion that follows, we have
compared our results with the available experimental and
other ab initio results.
Our calculated PDM results differ from the corre-
sponding experimental results by ∼ 3.6% for CaF [47],
2.1% for SrF [48], and 14.6% for BaF [49]. Further, it
has to be noted that all available calculations including
4TABLE III. Results of DPs for the ground-state of alkaline-earth- and fluorine atoms compared with the available results in
the literature.
Method Be Mg Ca Sr Ba Ra F
DF/QZ 45.5 81.0 183.0 233.0 324.0 297.0 2.5
DF/aug -QZ 45.5 80.5 182.5 232.0 323.5 297.0 3.5
KRCISD/QZ 37.0 73.0 157.0 194.0 269.5 247.5 3.0
KRCISD/aug -QZ 38.5 73.0 157.5 196.5 269.0 248.5 3.5
Expt. − 70.89a , 59 (16)b 169 (17)c 186 (15)d 268 (22)c − −
PRCC [34] − 70.76 160.77 190.82 274.68 242.42 −
CCSD [39] 37.80 (47) 73.41 (2.32) 154.58 (5.42) 199.71 (7.28) 268.19 (8.74) − −
CI+MBPT2 [40] 37.76 (22) 71.3 (7) 157.1 (1.3) 197.2 (2) 273.5 (2.0) − −
DF [41] − − 182.79 232.66 323.82 299.59 −
CCSD(T)recommended [41] − − 157.9 199 273.5 246.2 −
CCSD(T) − − − − 272.7e 242.8e 3.70f
CASPT2∗ 37.2g 70.9g 163g 210g 312g 283g 3.76h
CASSCF [46] − − − − − − 3.68
MR -CCI† [46] − − − − − − 3.52
aReference [35] bReference [36]
cReference [37] dReference [38]
eReference [42] fReference [44]
gReference [43] hReference [45]
∗Complete - active - space second - order perturbation theory.
†Externally contracted multireference configuration interaction.
ours for BaF show a large deviation, ranging between
6.7% to 14.6%, from the experimental result reported in
Ref. [49].
Recently, Prasannaa et al. [50] have performed CCSD
calculations of PDMs by using only the linear terms
in the CC wavefunction together with the cc - pVXZ
(X=D,T,Q) basis sets for lighter elements (Be, Mg, Ca
and F) and combination of Dyall- and Sapporo basis sets
for Sr and Ba atom. In Table IV, we have quoted their re-
sults only at the QZ basis level for a fair comparison with
our results and their results differ from ours by 0.016D,
0.054D, 0.021D, and -0.205D for the first four members
of the AEMF series. These differences lie almost within
the error bars that they have reported (± 0.1D for BeF,
MgF, and CaF, while ± 0.2D for SrF). The PDM for BaF
in our work deviates from their result by 0.694D, which
falls outside their estimated error bar of 0.2D. However,
they claim that their error estimate is completely uncer-
tain due to numerical convergence issues and incomplete-
ness of basis.
The FFCCSD results for PDMs calculated by keep-
ing all filled - and virtual orbitals as active have been
reported in Ref. [27]. The basis sets used in their work
are the same as that of Ref. [50] discussed in the preced-
ing paragraph. The difference between the two results is
only 0.034D for BeF, 0.006D for MgF, 0.009D for CaF,
and 0.225D for SrF. Furthermore, other recent calcula-
tions of PDM of SrF using the Z - vector method within
CCSD [51], and CCSD(T) approximation [30] differ from
our KRCISD result by about 1.6% and 1.8%, respectively.
The absolute difference between our values of PDM at
the DF level and those reported by Kobus et al. [52] at
the finite difference HF (FD -HF) level increases from
BeF to SrF. Similar is the situation between our rel-
ativistic findings at KRCISD/QZ level and the results
reported by Langhoff et al. [53] using CISD and cou-
pled pair functional (CPF) method together with the ex-
tended Slater-type basis sets. The CPF results of [53]
seem to be more closer to our KRCISD results as com-
pared to their CISD results. It has to be noted that in
both works [52] and [53] the calculations have been per-
formed in the non - relativistic framework. Therefore, the
increase in difference between our results and those re-
ported in the Refs. [52, 53] could be due to the increase
in relativistic effects as one go from BeF to SrF.
C. Molecular dipole polarizabilities (α)
The results for polarizability components of AEMFs
calculated in this work using QZ basis sets are tabulated
along with those of other calculations in Table VI. The
magnitudes of both polarizability components (α‖ and
α⊥) increase as one goes from BeF to BaF. However, it
has been observed that the magnitudes of α‖ and α⊥ for
RaF are smaller than those of BaF. The contribution of
fluorine to the DP of these molecules is small when com-
pared to the contribution of alkaline-earth atom. The
decrease in DP of Ra when compared to Ba can be ex-
plained in terms of the structure of radium atom itself,
as discussed in the case of atomic polarizability.
All molecules of group - II monofluorides exhibit nega-
tive polarizability anisotropy (γ), which is supported by
ab initio calculations in Ref. [28] and by several model-
5TABLE IV. PDM (in Debye) for the ground-state of AEMFs
at equilibrium bond length with QZ basis sets, compared with
the results in the literature.
Molecule Method µ0 Ref.
BeF DF 1.246 This work
KRCISD 1.116 This work
FFCCSD 1.15 [27]
LCCSDa 1.10 [50]
FD -HF 1.2727 [52]
CISD 1.131 [53]
CPF 1.086 [53]
MP2 1.197 [54]
MgF DF 3.207 This work
KRCISD 3.124 This work
FFCCSD 3.13 [27]
LCCSDa 3.07 [50]
FD -HF 3.1005 [52]
CISD 3.048 [53]
CPF 3.077 [53]
MP2 3.186 [54]
IM b 3.64 [55]
EPMc 3.5 [57]
CaF DF 2.894 This work
KRCISD 3.181 This work
FFCCSD 3.19 [27]
LCCSDa 3.16 [50]
FD -HF 2.6450 [52]
CISD 2.590 [53]
CPF 3.060 [53]
MP2 3.190 [54]
IMb 3.34 [55]
LFAd 3.00 [56]
EPMc 3.2 [57]
MRD -CIe 3.01 [58]
LFAc 3.36 [59]
Exp. 3.07(7) [47]
SrF DF 2.930 This work
KRCISD 3.395 This work
FFCCSD 3.62 [27]
CCSD(T) 3.4564 [30]
LCCSDa 3.60 [50]
Z-vector 3.4504 [51]
FD-HF 2.5759 [52]
CISD 2.523 [53]
CPF 3.199 [53]
IMb 3.67 [55]
EPMc 3.6 [57]
LFAd 3.79 [59]
Exp. 3.4676(10) [48]
based predictions in Ref. [29]. All available calculations
including ours for polarizability components are higher
than those predicted by Davis [29] using different mod-
els.
The absolute value of correlation contribution to the
average component of polarizability increases drastically
as one traverses to higher members of AEMFs. Further,
the correlation contributions for both α¯ and γ, as it can
TABLE IV. Continued...
Molecule Method µ0 Ref.
BaF DF 2.122 This work
KRCISD 2.706 This work
MRCISD 2.958 [24]
FFCCSD 3.41 [27]
LCCSDa 3.40 [50]
IMb 3.44 [55]
EPMc 3.4 [57]
LFAd 3.91 [59]
Exp. 3.170(3) [49]
RaF DF 3.045 This work
KRCISD 3.621 This work
aLinearized coupled - cluster method with single and double
excitations
bIonic model
cElectrostatic polarization model
dLigand - field approach
eMulti - reference single - and double excitation
configuration - interaction
TABLE V. PDM (in Debye) for the ground-state of AEMFs
at equilibrium bond length with aug-QZ basis sets.
Molecule Method µ0
BeF DF 1.246
KRCISD 1.143
MgF DF 3.235
KRCISD 3.177
CaF DF 2.893
KRCISD 3.221
SrF DF 2.963
KRCISD 3.465
BaF DF 2.122
RaF DF 3.050
be seen from Table VI, are quite significant for the heav-
ier molecules, viz. CaF through RaF. The values of cor-
relation contributions to the α¯ are: 13.63 a.u. for CaF,
31.16 a.u. for SrF, 68.67 a.u. for BaF, and 79.50 a.u. for
RaF. These values are one order of magnitude larger than
the correlation effects observed in MgF (= - 1.33 a.u.) and
by two order larger than that observed for the case of
BeF (= - 0.67 a.u.). Similarly, for γ, these contributions
are 22.1 a.u. for CaF, 34 a.u. for SrF, 110.5 a.u. for BaF,
and 70.5 a.u. for RaF, which are much larger than the
value of 0.5 a.u. (2.5 a.u.) for BeF (MgF) molecule.
The results of molecular polarizabilities using aug-QZ
basis sets are tabulated in Table VII. We have observed
that the augmentation of basis sets gives a positive con-
tribution to the values of both α‖ and α⊥ components
and is more effective for lower members of AEMFs rather
than their heavier cousins at the DF level. Further, at
the KRCI level, the augmented basis sets alter the value
6TABLE VI. Results of DPs for the ground-state of AEMFs at equilibrium bond length with QZ basis sets. Comparison with
the available results in the literature.
Molecule Method α‖ α⊥ α¯ γ Ref.
BeF DF 18.0 29.0 25.33 -11.0 This work
KRCISD 19.0 29.5 26.0 -10.5 This work
CASSCF − − 27.30 -10.45 [28]
T-Rittner − − 1.69 − [29]
TEKa − − 1.79 -0.19 [29]
D-shell (-1)b − − 1.92 0.19 [29]
D-shell (q)c − − 2.04 1.34 [29]
MgF DF 34.5 57.5 49.83 -23.0 This work
KRCISD 37.5 58.0 51.16 -20.5 This work
CASSCF − − 53.34 -22.79 [28]
T-Rittner − − 3.69 − [29]
TEKa − − 4.10 -1.64 [29]
D-shell (-1)b − − 4.27 -1.21 [29]
D-shell (q)c − − 4.19 -0.02 [29]
CaF DF 91.4 172.0 145.13 -80.6 This work
KRCISD 92.5 151.0 131.50 -58.5 This work
T-Rittner − − 7.69 − [29]
TEKa − − 9.17 -5.77 [29]
D-shell (-1)b − − 9.31 -5.20 [29]
D-shell (q)c − − 9.03 -4.03 [29]
SrF DF 137.0 248.5 211.33 -111.5 This work
KRCISD 128.5 206.0 180.17 -77.5 This work
CCSD(T) 126 − − − [13]
CCSD(T) 125 − 170.05 -66.35† [30]
T-Rittner − − 9.69 − [29]
TEKa − − 11.69 -7.83 [29]
D-shell (-1)b − − 11.82 -7.21 [29]
D-shell (q)c − − 11.57 -6.35 [29]
BaF DF 214.5 413.5 339.33 -222.5 This work
KRCISD 196.0 308.0 270.66 -112.0 This work
MRCISD 182.590 − − − [24]
T-Rittner − − 12.69 − [29]
TEKa − − 15.71 -11.41 [29]
D-shell (-1)b − − 15.81 -10.72 [29]
D-shell (q)c − − 15.41 -9.50 [29]
RaF DF 195.0 351.0 299.0 -156.0 This work
KRCISD 162.5 248.0 219.5 -85.5 This work
aTo¨rring-Ernst-Kindt
bDisplaced shell model in which q+ shell charges corresponding to valence shell electron, were set to -e.
cDisplaced shell model where q+ shell charges were treated as parameters.
†In Ref. [30], the authors have reported positive value of γ (or ∆α), however it comes out to be negative according to the
definition given in eqn. 3.
of α‖ by 7.9% (5.3%) and α⊥ by 5.1% (5.2%) for BeF
(MgF) molecule. For other molecules, KRCISD calcula-
tions with the augmented basis sets are not performed
due to the lack of sufficient computational resources.
Nevertheless, we have estimated the effect of diffuse func-
tions by adding the difference between the SCF energies
calculated using the basis sets with and without augmen-
tation, to the energies calculated at KRCISD level. With
this energy correction, the estimated values of α‖ and α⊥
components increase, respectively, by 8.1% and 3.6% for
CaF, 1.9% and 0.5% for SrF, 4% and 2.8% for BaF, and
4.3% and 3% for RaF.
Fowler and Sadlej [28] have employed the CASSCF
method together with the contracted basis sets
(10s 6p 4d) → [5s 3p 2d] for Be and F atom, and
(13s 10p 4d) → [7s 5p 2d] for Mg, to compute the dipole
polarizability of BeF and MgF molecules. A total of 9
electrons were kept active in 4σ and 2pi orbitals. We
have also included the same number of electrons (9) in
our correlation calculation of BeF and MgF. However,
our virtual space (80 and 84 molecular orbitals for BeF
and MgF, respectively) is very large compared to that
considered in Ref. [28]. For BeF, our values of α¯ and γ
at KRCISD level differ from those reported in Ref. [28]
7TABLE VII. Results of DPs for the ground-state of AEMFs
at equilibrium bond length with aug-QZ basis sets.
Molecule Method α‖ α⊥ α¯ γ
BeF DF 19.0 31.0 27.0 -12.0
KRCISD 20.5 31.0 27.5 -10.5
MgF DF 37.5 60.5 52.83 -23.0
KRCISD 39.5 61.0 53.83 -21.5
CaF DF 99.0 177.5 151.33 -78.5
KRCISD∗ 100.0 156.5 137.67 -56.5
SrF DF 139.5 249.5 212.83 -110.0
KRCISD∗ 130.9 207.0 181.63 -76.1
BaF DF 221.0 422.0 355.0 -201.0
KRCISD∗ 203.9 316.5 278.97 -112.6
RaF DF 202.0 358.5 306.33 -156.5
KRCISD∗ 169.5 255.5 226.83 -86.0
∗ These values are calculated by adding the difference
between the SCF energies calculated using the basis sets
with and without augmentation, to the energies calculated
at KRCISD level.
by 4.8% and -0.5%, respectively, while for MgF, the dif-
ference between the two works is 4.1% for α¯ and 10% for
γ.
Meyer and Bohn [13] have reported only the paral-
lel component of polarizability for SrF using CCSD(T)
method, available in MOLPRO package. They have
used effective core potential (ECP28MDF) basis set for
Sr and augmented correlation-consistent valence quadru-
ple zeta (AVQZ) basis set for F atom. Our value of
α‖ = 128.5 a.u. at KRCISD level of correlation agrees
well with the value of 126 a.u. reported in Ref. [13] to
within 2%. Quite recently, Kosicki et al. [30] have ap-
plied the CCSD(T) method in conjunction with the core -
valence aug - cc - pCVQZ basis set for F and ECP28MDF
basis set for Sr atom to calculate the electric properties
of SrF. The values of α¯ and γ reported in Ref. [30] dif-
fer from ours by 5.6% and 14.4%, respectively. It must
be mentioned here that we have included 17 electrons to
perform the correlation calculations in a virtual space of
132 orbitals.
Tohme and Korek [24] have computed the z -
component of polarizability for BaF molecule using MR-
CISD method. They have used ECP basis set (5s 5p 4d)
for the Ba atom and contracted basis set, (6s 3p) →
[3s 2p] for F atom. Further, only five electrons are in-
cluded in the correlation calculations. On the other hand,
we have considered 17 electrons as active in a virtual
space of 134 orbitals. The value of α‖ reported in Ref. [24]
is smaller by 6.8% from our result at the similar level of
approximation.
The computed values of α‖ and α⊥ for CaF (RaF) are
92.5 (162.5) a.u. and 151.0 (248.0) a.u., respectively, by
considering 15 (17) electrons in the correlation calcula-
tion with 139 (133) virtual orbitals. There is no calcu-
lation available in the literature, known to our knowl-
edge, to compare the values of polarizability components
of CaF and RaF, and perhaps we are contributing these
results to the literature for the first time.
IV. SUMMARY
In summary, we have applied finite - field method to
carry out the PDMs and dipole polarizability calcula-
tions of alkaline-earth monofluorides and also, the atomic
polarizability calculations for the atoms that form the di-
atomic molecules studied in this work, at the KRCISD
level of correlation. These ab initio calculations are
performed using GAS technique with the uncontracted
quadruple-zeta quality basis sets. Some of the results,
particularly, the PDM of RaF and components of molec-
ular polarizability for CaF and RaF are computed and
reported in this work for the first time, to the best of our
knowledge. The other findings for the atomic and molec-
ular properties are in good agreement with the available
results in the literature. Further, the effect of adding
diffuse functions on the values of electric properties are
examined by considering the singly augmented QZ basis
sets. Except F for which the effect of diffuse functions
to the αA is 16.7%, the change in the values of αA’s for
other atoms is not more than 4.1% at the KRCI level.
The molecular PDMs results alter by a maximum of 2.4%
among first four members of the series, using aug-QZ ba-
sis sets. However, the contribution of diffuse functions
are quite significant for the components of molecular po-
larizability ranging between 1.9% to 7.9% for α‖ and
0.5% to 5.2% for α⊥. We believe that our relativistic
calculations performed with the large active space and
optimized basis sets would be useful for the future the-
oretical studies and for the experimentalists working on
the laser spectroscopy or the collision physics of these
molecules.
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